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g ■ Abstract 
O 



In anomaly-mediated supersymmetry breaking (AMSB) models, superpartner masses are pro- 
portional to couplings squared. Their hidden sectors therefore naturally contain WIMPless dark 
matter, particles whose thermal relic abundance is guaranteed to be of the correct size, even 
though they are not weakly-interacting massive particles (WIMPs). We study viable dark matter 
\^ . candidates in WIMPless AMSB models with non-Abelian hidden sectors and highlight unusual 

possibilities that emerge in even the simplest models. In one example with a pure SU(A^) hidden 
sector, stable hidden gluinos freeze out with the correct relic density, but have an extremely low, 
but natural, confinement scale, providing a framework for self-interacting dark matter. In another 
simple scenario, hidden gluinos freeze out and decay to visible Winos with the correct relic density, 
and hidden glueballs may either be stable, providing a natural framework for mixed cold-hot dark 
matter, or may decay, yielding astrophysical signals. Last, we present a model with light hidden 
pions that may be tested with improved constraints on the number of non-relativistic degrees of 
freedom. All of these scenarios are defined by a small number of parameters, are consistent with 
gauge coupling unification, preserve the beautiful connection between the weak scale and the ob- 
served dark matter relic density, and are natural, with relatively light visible superpartners. We 
conclude with comments on interesting future directions. 

PACS numbers: 95.35.+d, 12.60.Jv 
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I. INTRODUCTION 



The thermal rehc density of a dark matter candidate X is 

fix cx ~ ^ , 1 

where {(t.^^v) is the thermally-averaged annihilation cross section, and mx and gx are the 
characteristic mass scale and coupling determining this cross section. For weakly-interacting 
massive particles (WIMPs), the characteristic values are mx ~ '"^weak ~ 100 GeV and 
gx ~ 5'weak — 0.65, and the thermal relic density is roughly of the desired order of magnitude, 
Vtx ~ 0.1. This coincidence, the WIMP miracle, is a leading motivation for WIMPs and has 
guided many searches for dark matter in particle physics experiments. 

At the same time, the relic density constrains only one combination of mx and gx- In 
the standard model (SM), the only possible value for gx is S'weak, since dark matter with 
significant electromagnetic or strong interactions is essentially excluded. However, if dark 
matter is in a hidden sector with its own interactions, other combinations of mx and gx can 
yield the correct thermal relic density. This is the possibility realized in WIMPless models [l|, 
y], where dark matter is hidden, with no SM gauge interactions. In these models, the dark 
matter's mass mx is not necessarily near m^eak, and its hidden sector gauge couplings gx 
are not necessarily near g^eaki but 





4 4 
9x 5'weak 



(2) 



WIMPless dark matter particles therefore have the correct thermal relic density, but with a 
broad range of possible masses and couplings. In addition, their interaction strengths with 
SM particles may vary greatly, depending on the presence or absence of connector particles 
that induce dark matter-SM interactions through non-gauge interactions. The WIMPless 
framework therefore preserves key virtues of WIMPs, but is far more general, leading to novel 
implications for direct [l|, |3 1 and indirect dark matter searches 0^ , precision experiments jsl 
11], high energy colliders lH, isll, and cosmology |il4l] . 



Equation ([2]) is required for a thermal relic to match cosmological observations, but it is 
also motivated by particle physics considerations alone. For example, the new physics fla- 
vor and CP problems motivate supersymmetric (SUSY) models with gauge-mediated SUSY 
breaking (GMSB), where generation-blind superpartner masses are generated by gauge in- 
teractions. The resulting masses are mx oi. g\. If the constant of proportionality is similar 
in both the visible and hidden sectors, a stable hidden superpartner will satisfy Eq. ([2]) 
and be an excellent WIMPless dark matter candidate [il,[2|. Beyond GMSB, however, the 
model-building possibilities for WIMPless dark matter have not been extensively studied. 
In this work, we explore possible realizations of the WIMPless miracle in SUSY models 



with anomaly-mediated SUSY breaking (AMSB) [I5|,ll6l. As in the case of GMSB, AMSB 
models are motivated in large part by their potential to solve the new physics flavor and 
CP problems through generation-blind superpartner masses. These masses are again propor- 
tional to couplings squared, and so AMSB models are also natural homes for WIMPless dark 
matter. In the AMSB framework, one assumes that the minimal supersymmetric standard 
model (MSSM) is "sequestered" from the SUSY-breaking sector, that is, it does not have 
tree-level couplings to the SUSY-breaking sector. The visible sector's superpartner masses 
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are then generated purely by the Weyl anomaly, 



where 7713/2 ~ 100 TeV is the gravitino mass. The same would hold for any hidden sector of 
the theory that is similarly sequestered from SUSY breaking, leading to 

mx ~ 7^7773/2 . (4) 

As a result 

771x 1 777^ , 

and, since 777^ ~ 777weak and ~ Qwcak, Eq- ([2]) holds. 

In both GMSB and AMSB, the visible sector does not have a good thermal relic candi- 
date. In GMSB, SM superpartners decay to the gravitino. In AMSB, the Wino is typically 
the lightest supersymmetric particle (LSP) and is stable, but it typically annihilates too 
efficiently to have the correct thermal relic density. The possibility of a hidden dark mat- 
ter candidate with the correct thermal relic density is therefore as welcome in AMSB as in 
GMSB. In fact, in several other aspects, AMSB models are more ideally suited for WIMPless 
dark matter than GMSB models. First, Eqs. ([3]) and (jl]) immediately imply Eq. ([2]), and 
so the WIMPless miracle does not require any "model building" to make the constant of 
proportionality similar in the visible and hidden sectors. And second, since 7773/2 ^ m^eak, 
hidden superpartners cannot decay to gravitinos, and WIMPless candidates are automat- 
ically stable, at least in the absence of couplings to the MSSM. Indeed, in some of our 
examples, the WIMPless dark matter is stable merely by virtue of spacetime symmetry and 
gauge symmetry. 

Thanks to these properties, the models we will consider are extremely simple. The hidden 
sector is just an SU(A^) gauge theory with some number Np of "quarks" in the fundamental 
representation. The simplest example is pure SU(A^), where the stable SU(iV) "gluino" is 
WIMPless dark matter, and the theory is completely specified by N and the hidden gauge 
coupling gx- Even in this simplest example, we will find the possibility of interesting as- 
trophysical implications. We will then consider slightly more complicated theories with 
Np > fiavors and connector particles mediating hidden sector-visible sector interactions, 
again with unusual implications for experiments and observations. In all cases, however, the 
WIMPless miracle naturally preserves the beautiful connection between the weak scale and 
the correct dark matter density. Although we will not exhaustively explore the phenomeno- 
logical consequences of these scenarios here, we will consider several qualitatively different 
model-building possibilities, highlight key constraints, and briefly mention some of the many 
possible implications for dark matter properties and the early Universe. 

In Sec. [TTlwe derive results for AMSB superpartner spectra in the visible and hidden sec- 
tors, and we discuss relic densities and cosmological constraints in Sec. IIIII In Sees. HVMVIIl 
we then present a number of models that satisfy these constraints, but have qualitatively dif- 
ferent features. We summarize our conclusions and potentially interesting future directions 
in Sec. IVmi 
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II. SUPERPARTNER SPECTRA AND LSPS 



A. Visible Sector 



In AMSB models the soft SUSY-breaking masses are determined by the gravitino mass 
7713/2 and the values of the dimensionless couplings of the theory at the SUSY-breaking scale. 
These expressions are well-known 15, 1^ and are given in Appendix El for a general SUSY 



model. 

In the visible sector, which we assume has the low-energy field content of the MSSM, 
this implies that the superpartner spectrum is highly constrained. For gaugino masses, the 
/^-function coefficients are 62, ^3) = (33/5, 1, —3), and so the gaugino and gravitino mass 
parameters are in the ratio 

Ml : M2 : M3 : 7773/2 ~ 3.31 : 1 : -10.5 : 372 . (6) 

Because SU(2) is nearly conformal in the MSSM, the Wino is the lightest MSSM gaugino. 
The current bound from LEP2, m^r ~ 100 GeV, implies 7/13/2 ^ 37 TeV. In the scalar 
superpartner sector, the soft slepton masses squared turn out to be negative. There are 



many solutions to this problem [17H25|. Most of these do not modify the gaugino spectrum 
and therefore do not affect our discussion here. 

As mentioned in Sec. [H the main assumption in AMSB is that the MSSM is sequestered 
from the SUSY-breaking sector. One way to achieve this is in the context of extra dimensions, 
with the two sectors localized on different branes and separated by an extra dimension (l5| . 
If the hidden sector is localized on the same brane as the MSSM, it is likewise sequestered 
from the SUSY breaking. This scenario allows for the presence of tree-level couplings of 
the hidden sector to the MSSM. Sequestering also results if the SUSY-breaking sector is 
near-conformal over some energy range [2^. In this case, not just the MSSM, but any other 
sector of the theory is sequestered from the SUSY breaking, so no extra assumptions are 
needed regarding the dark matter hidden sector. 

B. Hidden Sector 

In contrast to the visible sector, there is a great deal of flexibility in defining the hidden 
sector's field content. For a gauge theory with matter, the results of Appendix |X] imply that 
the gaugino and scalar masses have the form 

7771/2 ~ fefi-^Y^ 7773/2 (7) 

{y'-yV-bg^)(-^,myX , (8) 



where g and y represent gauge and Yukawa couplings, b represents one-loop /3-function 
coefficients, and positive numerical coefficients have been neglected. 

For a pure gauge theory, the theory must be non-Abelian so that the gauginos are massive 
and can potentially be WIMPless dark matter. For a gauge theory with matter there are 
many possibilities. We will consider only theories without Yukawa couplings and restrict 
our attention to theories without tachyonic scalars. These are not necessarily requirements, 
and there may well be interesting examples of WIMPless models in the cases we neglect. 
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But given these assumptions, Eq. ([8]) shows that even with matter, we are led to consider 
only non-Abelian gauge groups. Non-Abelian gauge groups and strongly interacting dark 
matter have been explored previously [It-sI], but we are led to this possibility for completely 
different reasons than those explored previously. 

To be concrete, we focus in this work on hidden sectors that are SU(A^) gauge theories 
with Np > light flavors of matter in + iV representations, and no Yukawa couplings. 
We will refer to the hidden gauginos and gauge bosons as gluinos and gluons g'^, and the 
hidden matter as squarks g'^ and quarks q^. In addition, in what follows, X will denote the 
hidden LSP (hLSP), and ax = gximxY /4:Tt will denote the hidden sector's fine structure 
constant at the scale mx- 

Above the hidden gluino and squark mass scale, the one-loop /3-function coefficient is 
bfj = —3N + Np. The gluino and squark masses are then 

m-gH = {3N-Np)^my2 (9) 



= (SN-Np)'-^^ (if ^3/2 j • (10) 

We require Np < 3N so that the supersymmetric theory is asymptotically-free and the 
squarks are non-tachyonic. For Np < 2N, the squark is the hLSP, and for Np > 2N (and, 
of course, for Np = 0) the gluino is the hLSP. 

In the absence of couplings to the MSSM, the hLSP is stable, because it is odd under 
the SU(A^) sector i?-parity. In fact, for some values of A^, the stability follows just from 
spacetime symmetry and gauge symmetry. A particularly simple case is pure SU(A^) for 
which the gluino is clearly stable, since it's the lightest fermion. More generally, a gluino 
hLSP must decay to an odd number of quarks plus some number of gluons, but for even 
A^, an odd number of fundamentals and anti-fundamentals does not contain the adjoint 
representation. Similarly, a squark hLSP cannot decay to quarks and gluons for even A^. 

Below the scale of the hLSP mass mx, we are left with a non-supersymmetric SU(A^) 
gauge theory with Np flavors. For Np < A^*, with A^^, ~ (2.5 — 3)A^, this theory is believed 



to confine [3J-|40|. As explained above, we need Np < 3N, and so, at least for small values 



of A^, the theory always confines. The confinement scale is 

A ~ mx expf--^^) , (11) 

where bp = — yA^ + is the /3-function coefficient of the non-supersymmetric theory. 
Below this scale, the quarks and gluons form color-neutral SU(A^) composites. Note that we 
always take mx > Ah, where is the strong coupling scale of the supersymmetric theory; 
otherwise, we would need to work directly in the low-energy effective theory of the SU(A^) 
composites. 



III. COSMOLOGICAL CONSTRAINTS AND RELIC DENSITIES 

We begin by outlining various requirements that all models must satisfy. This is not a 
complete list. In particular, there are important constraints from structure formation and 
halo profiles on self-interactions and charged dark matter, and from Big Bang nucleosyn- 
thesis (BBN) and other observations on scenarios where hidden sector particles decay to 
visible ones. We will discuss these where relevant when we present concrete models, starting 
in Sec. IVl 
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A. Relic Density of Visible LSPs 



Given the assumption that the neutral Wino is the visible sector's LSP, it is natural to 
consider it as a dark matter candidate. Unfortunately, its thermal relic density is typically 
small, because it annihilates efficiently through the 5- wave process WW — )■ WW [41]. To 
obtain ^ly^r ~ 0.23 the Winos must be very heavy, with m^, ~ 2 TeV [l^. This problem is 
exacerbated in AMSB by the hierarchy in gaugino masses, as it implies rrig ~ 20 TeV, which 
is far above the weak scale and undermines the motivation of SUSY as a solution to the 
gauge hierarchy problem. To restore Wino dark matter as a possibility, previous attempts 
have abandoned the WIMP miracle and explored the possibility that Winos are produced 
not by thermal freeze out, but through non-thermal mechanisms, such as the late decays of 
moduli ^42i] or Q-balls 43 1, or by thermal freeze out, but in a non-standard cosmology j43 |. 



B. Relic Density of Hidden LSPs 

Whether the hLSP is the gluino or the squark, its annihilation cross section, just like the 
visible Wino's, is not helicity suppressed. Thanks to the WIMPless miracle, the two cross 
sections are very roughly comparable, irrespective of the hidden superpartner mass scale. 
However, there are N- and A^/?- dependent factors that may enhance the hLSP thermal 
relic density significantly relative to the Wino case, because SU(2) in the MSSM is nearly 
conformal and so the Wino thermal relic density may be thought of as accidentally low. 
Keeping track of these factors, we find 



(3iV - NfY (12) 



t2 - \ 2 



^.iSN-N.r[^J. (13) 

The A^- and A'i?- dependent factors may be large. For a pure SU(3) gauge theory, for example, 
we find enhancements of ~ 100, compensating for the too-low value of Q^r. We will also 
consider scenarios in which the hLSP decays to the Wino. In this case, the relic abundance 
will be diluted by mx/m^r, but there is still a significant enhancement to the Wino relic 
density for a given m3/2. Note that the gauge couplings factor out of the ratio of abundances, 
but do appear in mass ratios. 

What happens to the hLSP relic density after freeze out? Conventional dark matter 
candidates are neutral under preserved gauge symmetries. In this case, however, the hLSP 
is charged, leading to new phenomena. At temperatures T ^ A, the hLSPs may annihilate 
through Sommerfeld-enhanced cross sections. At T ^ aj^mx, they may also form hLSP- 
hLSP bound states, which then rapidly leads to hLSP pair annihilation. These effects 
have been analyzed previously in various contexts [13, 0, Si-EJ . For the present scenario. 



they have a small ~ (9(10%) effect on the hLSP relic density, essentially because both 
Sommerfeld-enhanced and bound-state catalyzed annihilation rates are small compared to 
the Hubble expansion rate [14| . 

For T < A, however, the hLSPs will hadronize, potentially enhancing their annihila- 



tion 27H33|. In particular, the resulting "i?-hadrons" now have ~ 1/A^-interactions, and 
pairs of i?-hadrons can form bound states, which potentially leads to rapid hLSP-hLSP anni- 
hilation [33,]. This annihilation depends sensitively on the existence of light states with mass 
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below A, since, for the two hLSPs to annihilate, the bound states of pairs of i?-hadrons must 
lose energy by radiating light particles. These issues were studied for the case of SM QCD, 
but their importance in the context of a general strongly-interacting hidden sector merits 
further study. Note, however, that hadronization effects become irrelevant if, for example, 
the hLSP decays to the visible sector before T ~ A, or if A is so low that the hidden gluinos 
and gluons have never been cold enough to confine. 



C. Relic Density of Hidden Quark-Gluon Composites 

At T ~ A, the hidden sector quarks and gluons form SU(A^)-gauge invariant composites, 
including "mesons," "glueballs," and "baryons," with masses of order A. The relic abun- 
dance of these composites is model-dependent, and it is useful to distinguish between three 
qualitatively different scenarios: 

(cl) The hidden sector contains massless particles, such as Goldstone bosons or a photon 
associated with a new U(l). These provide a thermal bath to allow the SU(A^) com- 
posites to annihilate to sufficiently low densities. Note that in this case, the composites 
have the usual thermal freeze out, so that for A <C mx, their abundances are much 
smaller than the hLSP abundance. We will see an example of this type in Sec. IVIII 

(c2) There are connector fields that efficiently mediate decays of the unstable hidden SU(iV) 
composites to massless particles in the visible sector. This is realized in the models of 
Sees. IVTT2] and IVrTT2l 

(c3) There are no massless fields in the hidden sector and no efficient decays to the visible 
sector. Some SU(iV) composites will then be stable, either because they are charged 
under some symmetry, or because they are the lightest states in the hidden sector. 
Requiring that the SU(A^) composites not overdose the Universe then places an upper 
bound on A. For example, consider the simplest case of pure SU(A^), whose lightest 
glueballs are stable. Let the visible sector's temperature be T, and assume the hidden 
temperature is similar. For T ^ A the gluons have thermal energy density pth oc T*^, 
at T ~ A the gluons form glueballs with mass ~ A, and for T < A, the glueball energy 
density is (A/T)pth AT^. The resulting glueball relic density now is f2 ~ A/100 eV. 
Requiring that the glueballs not have relic density larger than the observed dark 
matter density, and, even more stringently, not be too large a contribution to hot dark 
matter jisl, implies A ^ 10 eV. The model of Sec. IIVI is an example of this type. 



D. Hidden Sector Contributions to g^, 



Light degrees of freedom contribute to the expansion rate of the Universe and are con- 
strained by BBN 50|, l51|- In the context of hidden sectors, the current bound from BBN 
requires 



rph 

-^BBN 
-^BBN 



< 2.52 (95% CL) 



(14) 



where is the effective number of non-relativistic degrees of freedom in the hidden sector 
at the time of BBN, and Tggj^ and T^^^ are the temperatures of the hidden and visible 
sectors at the time of BBN, respectively. 
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If TgBN = ^BBN) the constraint from BBN on is stringent. For mx > ^bbn; the 
superpartners in the hidden sector are too heavy to contribute to g^. However, if A < T^gj^, 
the hidden quarks and gluons contribute g'^ = 2(iV^ — 1) + -^Np. Even in the minimal case 
with N = 2 and Np = 0, this exceeds the bound of Eq. fll4l) by more than a factor of 2. 

The bound may be evaded in several ways, however, depending on the confinement scale 

A: 

(dl) A < ^BBN (~ MeV). In this case, the counting above applies, and to evade the 
bound, the hidden sector must be colder than the visible sector at the time of BBN. 
If the hidden sector is completely hidden, it is quite natural for Tggj,^ and T^bn to 
be different The model of Sec IIVI is an example of this type. If, on the 



other hand, there are connector fields coupling the visible and hidden sectors, the 
reheat temperature must be below the mass of the connector fields. This possibility is 
realized in the models of Sees. I V C 1 1 and I VI C l] where the connectors are very heavy, 
and this requirement is not very stringent. As an added bonus, in this scenario, the 
connector fields may be stable, as they are inflated away and not regenerated after 
reheating, avoiding overclosure constraints. 

(d2) A > T]^BN (~ MeV). At temperatures below A and above T^j^^, the (unstable) S\J{N) 
composites decay to visible sector (MSSM) fields. We will see examples of this type 
in Secs. lVTT2] and lVlC2[ 

(d3) A > T^BN (~ MeV). At temperatures below A and above T^-qn^ the (unstable) SU(A^) 
composites decay to light hidden sector fields. A simple realization of this possibility 
is decays to massless Goldstone bosons in the hidden sector. We will consider such 
an example in Sec. IVIIt with Np = 2, so that there are 3 massless scalar Goldstone 
bosons, which is marginally consistent with Eq. ( Il4|) . 



IV. A PURE SU(iV) HIDDEN SECTOR WITHOUT CONNECTORS 

We begin with a very simple model in which the hidden sector is a pure SU(A^) gauge 
theory without matter, and there are no connector fields coupling the visible and hidden 
sectors. The stable hidden gluino is WIMPless dark matter. The model is completely 
specified by 7113/2, mx, and N. In terms of these, the hidden gauge coupling is determined 

by 

mx = 3N—my2 , (15) 
47r 



and the confinement scale is 



A ~ ^^p{y1N^) ^ exp( ^^^^^' ) ^ IQ-^^"^-/™- . (16) 

Because there are no connectors, the hidden gluons g^ (and glueballs (g^g^), if they form) 
are also stable. As a result, the constraint (c3) on the glueball relic density discussed in 
Sec. nil CI applies, requiring A < 10 eV. The hidden sector is therefore weakly-coupled at 
BBN and contributes g^ = 2{N'^ — 1) relativistic degrees of freedom at BBN. The bound of 
Eq. f|T^ then implies 

.TbV ^ ( 1-26 Y . 
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although the hidden sector cannot be at the same temperature as the visible sector, the 
BBN constraint is satisfied if the hidden sector is just slightly colder. Note that, without 
connectors, it is quite natural for the visible and hidden sectors to be at different tempera- 
tures. 

Hidden gluinos annihilate to hidden gluons through S-wave processes with cross section 



h„h\ 



where 



X 



(18) 



(19) 



and k is an 0{1) A^-dependent coefficient. Using the results of Appendix [B] for thermal 
freeze out in a hidden sector j2|, 55|, the hidden gluino's thermal relic density is, then. 



X 



0.23 e/ 



k 



0.025 



ax 



2 r 



TeV 



0.23 if 



N_ 



2 r 



"^3/2 



170 TeV, 



(20) 



where we have used Eq. (fT5|) . The relic density is independent of ax and mx, and is automat- 
ically of the right order of magnitude because the hierarchy problem implies m^i2 ~ 100 TeV; 
in short, this scenario realizes the WIMPless miracle. Of course, although VLx is insensitive 
to mx and ax-, the dark matter's properties are not. In particular, the confinement scale A 
is extremely sensitive to these parameters. 

As an example, consider A^ = 3. In this case, k = 27/64 [lH, and .^bbn, the hidden to 
visible temperature ratio at BBN, may be as large as 0.63. Taking this temperature ratio at 
freezeout to be = 0.5, the correct hidden gluino relic density is achieved for m3/2 = 52 TeV 
and miy = 140 GeV. In terms of mx, the coupling is 



ax ^ 0.027 



mx 
TeV 



(21) 



and the confinement scale is 



A ~ mx (5.8 X 10 



-10\ 



(22) 



The constraint A ^ 10 eV implies rrix ^ 850 GeV. Hidden gluons have a temperature 
that is roughly similar to the CMB temperature in the visible sector. Hidden gluinos have 
velocity dispersions that drop to ~ 10~^, corresponding to temperatures m^f ^ ~ 10~^ eV, at 
redshifts z ~ 100 [3, 56, 13], before being sped back up to the current velocity v ~ 10~^. For 
0.1 eV ^ A < 10 eV, then, both the hidden gluons and gluinos cool to a temperature below A 
before redshift z ~ 100, and so form {g^g^) bound states. If these remain intact, these bound 
states interact through a short-range force with cross section a ~ A~^. This violates Bullet 
Cluster bounds on dark matter self- interactions, which require a / nix ~ 3000 GeV~^ 58|, [59 . 
On the other hand, when the bound states are sped back up to f ~ 10^'^, collisions may 
disassociate the bound states, and the relevant bound is on long-range interactions, as we 
now discuss. 

For A ^ 0.1 eV {mx ~ 750 GeV), there is never a time at which both hidden gluinos 
and gluons have a temperature below A, and so at least some of the hidden gluinos and 
gluons remain unbound. In this case, the result is a hidden gluon and gluino plasma, and 
the relevant bounds are not those on short-range interactions, but those on dark matter 
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interacting through long-range forces [i3,[63-[62|. The self-interactions are generically weak 
enough to avoid constraints from the Bullet Cluster, and for mx ~ 750 GeV are margi nally 
consistent with other bounds, such as those from the observation of elliptical halos |14l |. 
Further work is required to determine if such scenarios are truly viable. Note, however, that 
extremely low values of A occur naturally in this scenario, and it is remarkable that this 
first example already leads to potentially interesting dark matter properties and provides an 
extremely simple framework for studying such phenomena. 



V. A PURE SU(A^) HIDDEN SECTOR WITH CONNECTORS TO MSSM GAUG- 
INOS 

We now consider models with heavy connector fields that mediate interactions between 
the hidden and visible sectors. As in the previous section, we consider a hidden sector 
that is pure SU(A^), that is, without light flavors, so the hidden particle content consists 
of just gluons and gluinos, with the gluino mass of Eq. f|T5|) . The gluinos freeze out, but 
then decay to visible sector particles through connector-induced higher-dimension operators. 
Dark matter will be the conventional MSSM Winos, but, unlike in standard scenarios, these 
Winos will inherit their relic density from hidden gluinos, and this relic density will be 
naturally in the correct range because of the WIMPless miracle. 

In these scenarios, the hidden gluons may form glueballs, and these, too, can in principle 
decay to MSSM fields via loops of connector fields. The decay times and final state are 
determined by the details of the connector fields. We will discuss two examples of connectors. 
In this section, we consider connectors that give rise to dimension-8 operators coupling the 
hidden and visible gauge sectors. In the next section, we will discuss a larger connector 
sector that couples the hidden gauge sector to the MSSM Higgs fields through dimension-6 
operators. 



Connectors 



To preserve the possibility of gauge coupling unification |63l-l67l|. we introduce connectors 
in complete multiplets of the MSSM SU(5) gauge group. We will add Ny vector-like con- 
nectors Y and Y that transform as (5,A^) and (5,iV) under SU(5)x SU(A^)'^, respectively, 
with a large supersymmetric mass My. This scenario is therefore specified by 5 fundamental 
parameters: 171^/2, mx, N, Ny and My. 

As we will see below, we will need the hidden gluinos to be short-lived enough to avoid 
bounds from BBN. This can be arranged by having many light connectors. What are the 
bounds on My and Ny7 

For My above m3/2, the connectors have no effect on the AMSB soft masses to leading 
order in the supersymmetry breaking. Their contributions to the soft masses are therefore 
suppressed by 1713/2/ My compared to the AMSB soft masses. In fact, the size of these contri- 
butions is known, since the connectors behave just like the messengers of gauge mediation. 
We can obtain the connectors' spectrum by rescaling their superpotential mass term by the 
compensator, MyYY — My (1 + m3/26'^)FF, leading to fermion mass My and scalar masses 

ml = M^(l±^] , (23) 



My J 
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just like GMSB messengers with mass My and a supersymmetry-breaking parameter F = 
My 7713/2- Integrating out the connectors, we get loop corrections to the sof t masses of the 



visible and hidden sectors. These are known for arbitrary F/My |68l . |69| . The leading 



order term in F/My cancels the connectors' contributions to the AMSB soft masses above 



My [17|, ll9| . The higher-order terms give corrections to the leading-order AMSB soft masses 



that are less than 4% even for My = 2m3/2, and so we may take My as light as 2m^j2 without 
distorting our other results. 

As for Ny, there is no strict upper bound, but the desire for perturbativity up to high 
scales and gauge coupling unification provides a strong motivation for low Ny. For My ~ 
100 TeV, the requirement that gauge couplings remain perturbative up to the GUT scale 
is that the effective number of 5 + 5 multiplets satisfies < 5. In this case, = NNy] 
given N >2, this implies Ny < 2. For larger My, this constraint is weaker. 



B. Decay Lifetimes 

Box diagrams with Y particles in the loop mediate decays — ?■ g^gg, g'^WW, g^BB. At 
energies below My, the box diagrams induce the operator 

IN 

^ X\a-d)XF''P''Fp, + Fl^.F"'' F'^P'^FpJ , (24) 



ly 



where the bars stand for complex conjugation, and gsu stands for the appropriate SM gauge 
coupling. A priori, decays to all SM gauge bosons are allowed. In some cases, some of these 
decays may be kinematically forbidden. For example, the constraint A ^ 10 eV, together 
with Eq. (fT6|) . implies mx ~ 6m^y, and so decays to MSSM gluinos are not allowed. In the 
following, we will focus on the decay to visible Winos, since this decay channel is always 
allowed if any of them are.^ 

For hidden gluinos and visible Winos that are comparable in mass, but not particularly 
degenerate, the decay width to Winos is 



r,5'.^/,,,y)'^|^^3(..„.^j ,„., (25) 

where l/(167r^) is the 3-body decay suppression factor, and the factor of 3 comes from 
summing over the 3 possible charge combinations of Winos and W bosons in the final state. 
Using a2 ~ 1/30 and Eq. (ITH]) . we find that the hidden gluino lifetime is 



2 



N 



2 



rig'' ^ g^'WW) ~ 0.3 s ^ 



"^3/2 



lOOmx 



10 



M 



Y 



TeV 



2m3/2j mx ' 



(26) 



where we have normalized My to a fairly low value, as discussed in Sec. IV A[ 



^ We will discuss examples in which decays to gluinos are important in Sec. IV C 21 Decays to Binos are 
negligible in all our examples. 
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The operator of Eq. (12^ also mediates glueball decay to pairs of MSSM gauge bosons 
(see also jzo!]). The dominant decay is to SM gluons, with a decay width 



n{g'9l ^ gg) 



A 

8^ 



8 axtts' 



2Ny 



A' 



(27) 



implying a lifetime of roughly 

r( (^7 V) ^ gg) ~ 10-' 



mx 



A 



Tig'' g^WW) . 



(28) 



Note that here we have not distinguished between the glueball mass and A. Glueball masses 
in pure glue theories have been calculated on the lattice and are typically larger than A; for 
example, see Ref. |7l| for the case of SU(3), which is a good example, since we will focus 
here on small N. The glueball lifetime of Eq. ( l28l) is extremely sensitive to the glueball 
mass, so a more careful treatment of glueball masses would result in a significantly faster 
glueball decay than the estimate of Eq. (125]) . This would make it easier to satisfy the 
BBN constraints discussed below, but to be conservative, we will not include such refined 
estimates. Note, however, that a very small change in mx or ax may produce a large 
change in A to compensate for such missing factors, and so we expect the qualitatively 
distinct possibilities we identify below to remain in more detailed analyses. 

The implications of the lifetime estimates of Eqs. f l26|) and fl28|) may be clarified if we 
further require that the Winos from g^ decay have the correct relic density to be all of dark 
matter. To implement this constraint, it will be convenient to define the ratio of hidden 
gluino to Wino masses, 

R^^. (29) 



m 



w 



The Wino relic density is the g relic density of Eq. (1201) diluted by the ratio of masses, or 



1 

^^-0.23 0^^ 



170 TeV 



12 ^2 ^ 



1 2 



460 GeV 



(30) 



For ~ /c ~ 1, Winos from hidden gluino decays are all of the dark matter for 



N 



500 GeV . 



(31) 



Assuming this, the g'^ lifetime is 



Tig'' g'^WW) ~ 1 s 



iV3 



Y 



2m3/2 



3.0 



and the glueball lifetime is 

ri igV) ^ gg) ~ lO"' io^^'/« r(/ ^ g'^WW) . 



(32) 



(33) 
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C. Viable Scenarios 



What are the constraints on the and {g^g^) hfetimes? For the hidden gluino, one might 
think that it must decay before temperature a\mx to prevent gluino-gluino bound states 
from forming, thereby enhancing gluino annihilation and ruining the WIMPless miracle. 
As noted in Sec. IIII B[ though, this is not required. The most stringent constraints are 
associated with BBN. The decay g'^ — )■ g^WW, followed hj W ^ qq', produces protons and 
neutrons, which are very dangerous for BBN. Hidden gluinos must therefore have lifetimes 
under ~ 1 s. 

For glueballs, there are two possibilities. If they are effectively stable, they must not 
contribute too much to hot dark matter, and so A ^ 10 eV. On the other hand, if they 
are unstable, their decays are also subject to constraints from BBN. These may be avoided 
if glueballs decay before 1 s. Of course, this may be too stringent a requirement: the 
constraints depend on whether the glueballs decay to SM gluons, W bosons or photons, and 
on the decay time. There are clearly many possibilities, leading to different constraints and 
also many possible signals. 

For simplicity, however, here we consider only the two clearly viable possibilities in which 
either A ^ 10 eV and hidden gluons or glueballs are long-lived, or A > MeV and glueballs 
decay before BBN. 

1. Low A: A<WeV 

For A ^ 10 eV, we need R ^ 6, where we have used Eq. f lT6|) . We then see immediately 
from Eq. f l33|) that glueballs are extraordinarily long-lived in this case. At the same time, 
for the hidden gluinos to decay before BBN, we need R ^ 3.0. Given choices of A^, Ny and 
My, and assuming the correct Wino relic density, there is then a one-parameter family of 
viable models parametrized by R in the range 3 < i? < 6. 

As an example, consider A^ = 3, Ny = 1, and My = 2m^/2- For R = 5.5, we find 
m^y ~ 400 GeV, mx ~ 2 TeV, ax ~ 0.02, and A ~ eV. Assuming ~ ~ 1, hidden 
gluinos freeze out with fix ~ 1? and then decay at 0.02 s to MSSM Winos with the right 
relic density to be all of dark matter. Because the hidden gluinos decay early, constraints 
on dark matter self-interactions do not apply. 

Alternatively, taking R = 4 and A^ = Ny = 2, we find very similar values for the 
masses of the Wino and the hidden gluino, but the confinement scale is much smaller, with 
A ~ 10~^ eV. The hidden gluinos decay to Winos at 0.07 s, but the hidden gluons remain 
unbound and constitute a negligible fraction the Universe's energy density. 

Note that the value of A may vary widely. For A near its upper bound, these scenarios 
predict mixed hot-cold dark matter, with observable implications for small-scale structure. 
Note also that some connectors are stable, as there are no gauge-invariant decays, so that the 
reheat temperature must be below My. In this scenario, however, this is not a very stringent 
constraint, as the connectors are very heavy, with My ~ 100 TeV, and it is already motivated 
by the BBN constraint on g^. 
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2. Ridden Glueballs Decaying Before BBN 



For the glueballs to decay before BBN, we need r( (g^g^) — )■ gg) ^ 1 s. At the same time, 
the hidden gluino must decay after Wino freeze out at t ~ 10"^'^ s. As we will see, these 
requirements imply a large R, for which the hidden gluino can decay to the visible gluino. 
We therefore require 

^ 3Q _ ^Q_4 . ^q594/r ^ ^Qio ^ ^ > 45 (34) 

Tigf' gf'gg) 

where the factor of 30 ~ 8q;|/ (Sag) arises from the enhancement of the decay width to MSSM 
gluinos over the decay to MSSM Winos. As an example, consider = 6, and R = 55, for 
which ~ 600 GeV, mx ~ 30 TeV, ax ~ 0.1, mg/a ~ 200 TeV, and A ~ 2 TeV. The 
hidden gluino mass, mx, is quite large, but it is below the unitarity bound for thermal 
relics 72|. Taking one set of connector fields, Ny = 1, at My = 10m3/2,^ one finds that 



the hidden gluino decays at t ~ 10~® s, and the glueball decays at t ~ 1 s, avoiding BBN 
constraints. The Wino thermal relic density is negligible, but non-thermal production from 
hidden gluino decays gives it the desired relic density. 

Note that the hidden gluino decay occurs at temperatures somewhat below A, and so after 
the hidden gluino freezes out, it hadronizes and forms hidden i?-hadrons before it decays to 
the Wino. In principle, this could lead to renewed hidden gluino annihilations, since the cross 
section for i?-hadron interactions is now raised to ~ 1/A^. For these annihilations to occur, 
the i?-hadrons must first form bound states, and later lose energy so that the hidden gluino 
pair in the i?-hadron bound state can actually annihilate; see, for example, the discussion 



in Ref. [33|. Both of these processes require the emission of light particles, which carry 
away the binding energy and the energy released when the initial excited i?-hadron bound 
state relaxes to the ground state. These energies are characterized by two quantities: A 
and a\mx- In the scenarios given here, however, the lightest particles in the hidden sector 
are the glueballs, with masses ^ A, and a\mx < A. Therefore, the hidden gluinos cannot 
annihilate effectively even after they hadronize, and they survive in i?-hadrons until they 
decay to Winos. 

As in the previous case, this scenario has implications for observations. We expect that 
glueball decay times below 1 s are allowed, but for lifetimes near this upper bound, these 
scenarios predict astrophysical signals, in BBN or other observables sensitive to late decays. 
Finally, note that, also as in the previous case, the connector fields are stable, and the reheat 
temperature must again be below My ~ 1000 TeV. However, = at BBN in this case, 
since the hidden glueballs decay to SM fields before BBN. 



^ Note that for iV = 6, the connectors constitute six additional flavors of the visible SU(3), which still gives 
a perturbative coupling at the GUT scale for My = 2000 TeV. 
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VI. A PURE SU(A^) HIDDEN SECTOR WITH CONNECTORS TO MSSM HIG- 
GSINOS 



A. Connectors 

We now consider an alternative scenario in which the hidden gluinos decay not to SM 
gauge bosons, but to SM Higgs bosons. We add one copy {Ny = 1) of the same connector 
fields as before, as well as a vector-like SU(iV) pair Q and Q, which are singlets under the 
SM, so that, in all, the new heavy fields and their representations under SU(5)x SU{N)^ 
are 

r(5,iV), F(5,iV), Q{1,N), Q{1,N). (35) 

We couple the Q and the (SU(2) doublets of the) Y connectors to the MSSM through the 
superpotential^ 

W = yYQHd + yYQHu + MyYY + MqQQ , (36) 

where and Hd are the MSSM Higgs supermultiplets. For simplicity, we set My = Mq = 
M and y = y. As in Sec. |Vl we expect M ^ 2m3/2 to be acceptable. The connector sector 
is effectively pairs of 5 + 5 (and 6 SU(A^) flavors), and so gauge coupling uniflcation is 
preserved for < 5. 



B. Decay Lifetimes 



As in Sec. |Vl the connectors induce decay through a box diagram, this time with Q 
and Y connectors in the loop. Integrating out the connector flelds yields the operator 



2„.2 2 



9xy 



167r2 M2 



The decay width is roughly 



mx 1 
Stt 167r2 



2 ( axd 



— V 



m 



X 5 



(37) 



(38) 



where the loop factor is as in Eq. ( 125|) . and the factor of 2 accounts for the 2 possible charge 
assignments for the Higgs boson and Higgsino in the flnal state. Using Eq. (fT5|) . the g'^ 
lifetime is, then, 



Tig'' ^ g^'H^Hd) ~ 1 x IQ-^ s 



N 



n2 r 



0.01 



1 2 , 



a. 



y J 



^3/2 

lOOmx 



M l^TeV 



2m3/2j mx 



(39) 



The operator of Eq. (1371) also mediates glueball decay to two Higgs bosons. If kinematically 
accessible, the glueball decay width is 



r( {g^'g'^) H^Hd) 



A 



~ — 2 Ova 



2_ ^2 



-V 



A^ 



(40) 



^ Note that once the MSSM Higgs bosons develop vacuum expectation values, the first two terms in the 
superpotential contribute to the connectors' masses, but these corrections are negligible. 
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corresponding to a lifetime of 



mx 
A 



(41) 



subject to the same uncertainties discussed below Eq. fl28l) . 

As in Sec. |Vl we may include the constraint from the relic density. The relic density is 
again diluted by the hidden gluino decay to Winos, and so Eq. f pOj) again applies. Using 
Eq. ([31]), we find 



T{g^ ^ g'^H^H,) ~ 1 x 10"^ s 



~2_ 



0.01 



M 



2m3/2 



and the glueball lifetime satisfies 

r( {g^g^) ^ H^Ha) ~ lO'^ 10=^=^°/^ r(^'^ ^ g^^H^Hd) • 



(42) 



(43) 



C. Viable Scenarios 

We may again identify two qualitatively different classes of viable scenarios, depending on 
whether the hidden gluons are effectively stable, or whether they form glueballs and decay 
before BBN. In contrast to Sec. |Vl however, where the operator of Eq. (I24p was dimension 
8, here the operator of Eq. fl57|) is only dimension 6. It is therefore easy to arrange for very 
small lifetimes, and the discrepancy between the gluino and glueball lifetimes is reduced. 



1. Low A: A<10 eV 

If glueballs are effectively stable, we need A ^ 10 eV and 6. There are many possible 
choices of parameters that are viable. For example, let N = 2, ay = 0.01, and R = 4. The 
hidden gluino decays may be anywhere in the desired range 1 ns ^ t ^ 1 s for M in the 
range 2m3/2 ^ M ^ 350m3/2. Hidden gluons are very long-lived. The other parameters are 
as in Sec. IV C II m^^ = 400 GeV, mx ~ 2 TeV, ax ~ 0.02, and A ~ eV. The hidden gluino 
freezes out with Qx — 1, and then decays to MSSM Winos with the right relic density to 
be all of dark matter. For A near its upper bound, this scenario provides a very simple 
framework for mixed dark matter, with both MSSM Wino cold and hidden glueball hot 
components. 

The hidden sector gluons contribute g^ = 6 aX BBN, and so the temperatures of the two 
sectors must be somewhat different. This is also motivated by the fact that some connectors 
are stable, and the reheat temperature must be below their mass. 



2. Hidden Glueballs Decaying Before BBN 

For the ratio of glueball lifetime to g^ lifetime not to exceed 10 orders of magnitude, 

(44) 



r{ {gV) -> 99) ^ ^q330/k < iQio ^ ^ > 27 . 



t{9^ 9'^99) 
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Taking, for example, N = 2, ay = 0.01, R = 30, and M = 37m^/2, "we find that the 
hidden ghiino hfetime is around 1 ns, the hidden glueball decays around 1 s, m^y = 1.3 TeV, 
mx — 40 TeV, ax ~ 0.2, and A ~ 200 GeV. The glueball decays may have observable 
effects in BBN or other astrophysical signals. 

Once again the g'^ decays at temperatures a bit lower than A, but its abundance is not 
significantly diluted by hadronic effects. The hidden sector does not contribute to g^, at 
BBN, and so the visible and hidden sectors may be at the same temperature, but the reheat 
temperature must be below the mass of the stable connectors My ~ 10^ TeV. 

VII. AN SU(Af) HIDDEN SECTOR WITH FLAVOR AND LIGHT GOLDSTONE 
BOSONS 

So far we have studied three kinds of models. In one (Sec. HVT) . the hidden sector does 
not interact with the visible sector, so that both the hidden dark matter and the hidden 
composites are stable. In the second (Sec. IV C 21 Sec. IVI C 21) . the hidden dark matter 
candidate decays to the Wino, but the hidden SU(iV) composites (glueballs, for the case of 
pure Yang-Mills) decay to the visible sector. In the third (Sec. IV U 1\ Sec. IVI C ip the hidden 
dark matter candidate again decays to the Wino, but the hidden composites are effectively 
stable. In this latter case, there is a stringent bound on the confinement scale A < 10 eV, 
since otherwise the hidden glueballs overdose the universe or contribute too much to hot 
dark matter. 

Here we will consider a qualitatively different example, in which the hidden sector con- 
tains light Goldstone bosons, with masses significantly below A. The hidden dark matter 
candidate will decay to the Wino through loops of connector fields, and the glueballs will 
decay to the hidden Goldstone bosons. Furthermore, the light Goldstone bosons provide a 
thermal bath for any stable SU(A^) composites, such as baryons, so that the resulting relic 
abundance of these composites is negligible. 

For concreteness, we will focus on the simplest possibility, = 3 and Np = 2, that is, 
hidden SU(3) with two massless fiavors. Chiral symmetry breaking results in three Goldstone 
bosons, which is marginally consistent with BBN constraints on g'^, and is testable with 
future improvements of these constraints. The SU(3) confinement scale is above an MeV, 
so that the only new light particles at BBN are the Goldstone bosons. We will also include 
connector fields so that the hLSP decays to the Wino shortly after Wino freezeout. As we 
will see, the connector fields in this example are not stable, so that the hidden and visible 
sectors can be in thermal equilibrium. 

Because Np < 2N, the hLSP is now the hidden squark. Equation flTUl) implies that its 
mass is 

mx ^ OMaxms/2 , (45) 

and using also Eq. ffTTl) . we find 

A~10~^^/^mx. (46) 
To get the correct Wino relic abundance from hidden squark decays, we need 

ruy^r^^/R 300 GeV , (47) 

so we can rewrite A as 

A ~ 300 GeV R^^^ lO'^e/^? . (48) 
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Requiring A > MeV, we find 5. 

We will now add connector fields to the theory, so that the hidden squark eventually de- 
cays to the Wino. As above, we take the connector fields to be vector-like pairs transforming 
as bifundamentals under SU(5)x SU(3)'^: 



y(5,3), F(5,3). 
We will need two such pairs, with the superpotential 

W = yYfqiH, + yYfqlH^ + MyYY . 



(49) 



(50) 



Here i = 1,2, q^, q'^ are the hidden SU(3) quarks, and the superscript d on the Y fields 
denotes the doublet fields of the 5 and 5. Note that the connectors are unstable: the doublet 
Y fields can decay to Higgs fields and hidden quark fields. Since running effects create a 
splitting between the doublet and triplet Y fields (see, for example, Ref. (68|), the triplets 
can decay to the doublets. 

For simplicity, we will set y = y- Integrating out the connector fields we have the following 
superpotential coupling of the hidden quarks to Higgs fields: 



Y 



(51) 



which induces hidden squark decay into a hidden quark, Higgs and Higgsino with lifetime 



T{f -> q^H^Hd) ~ 3 X 10-2^ s 



Y 



y'^mx 



TeV 

mx 



1 X 10"^^ s R 



-3.5 



Y 



y^m^/2 



(52) 



Thus for example, for i? = 5, we can have the hidden squark decay at 10 ^ s for My 

10V"^3/2- 

Note that the operator of Eq. (|5T|) induces a small Goldstone boson mass 



^ y 



\HuHd) 



Y 



(53) 



As discussed in (c3), such masses are constrained by the bound on the amount of hot dark 
matter in the Universe. For My = 10^?/^m3/2, w^tt ~ 10 eV, which is consistent with these 
bounds. 



VIII. CONCLUSIONS 

Supersymmetric extensions of the SM contain a fundamental mass scale, the supersym- 
metry breaking scale, which enters the masses of superpartners in the visible sector as well 
as in any hidden sector. Furthermore, if a hidden sector is truly hidden, with no interactions 
with the SM, it generically contains a stable superpartner, which is protected by the i?-parity 
of the hidden sector. These two features allow for the construction of dark matter models in 
which the dark matter relic abundance is related to the weak scale. In AMSB models, this 
abundance is actually the same as the usual WIMP abundance, since the dark matter mass 
is proportional to its coupling squared, and only their ratio enters in the abundance. These 
models thus offer a particularly simple realization of the WIMPless dark matter idea. 
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In this paper, we studied dark matter candidates from non-Abelian hidden sectors with 
AMSB. The hidden sectors we consider are very simple. They are SU(A^) gauge theories, 
with either no matter or a few fundamental flavors. In some of our examples, the hidden LSP 
is stable simply as a result of gauge symmetry and supersymmetry, and its relic abundance 
is automatically of the correct size by the WIMPless miracle. In other examples, the hidden 
and visible sectors interact through higher dimension operators, so that the hidden LSP 
freezes out and then decays to a visible Wino. The result is Wino dark matter which, despite 
its large annihilation cross section, has the correct abundance, with favorable implications 
for indirect detection. 

As we have seen, the phenomenology of these models is very rich, owing partly to the 
non-Abelian interactions of the dark matter candidate. As an example, some of these models 
have a confinement scale A that is naturally very small, as a result of renormalization group 
evolution, with a wealth of potentially interesting astrophysical implications. In the model 
of Sec. IIV[ the hidden LSP is the dark matter, and cannot be seen in any direct or indirect 
detection experiment. However, the confinement scale is very small, and the dark matter 
is self-interacting through a long-range non-Abelian force. In the examples of Sees. |V] and 
IVIl hidden gluinos freeze out and decay to visible Winos with the correct relic density. The 
accompanying hidden glueballs may either be stable, as discussed in Sees. IV C II and IVI C 11 
providing a natural framework for mixed cold-hot dark matter, or may decay, as discussed in 
Sees. IV C 21 and IVIC2t yielding astrophysical signals. We have also presented in Sec. IVIII a 
model with 3 light hidden pions that contribute to the number of non-relativistic degrees of 
freedom at BBN, and will be excluded or favored as constraints on this quantity improve. In 
all of these cases, the scenarios are defined by a small number of parameters, are consistent 
with gauge coupling unification, preserve the beautiful connection between the weak scale 
and the observed dark matter relic density, and are natural, with relatively light visible 
superpartners. 

We have only outlined the main features of representative models here, and it would 
be interesting to explore specific models in more detail. The cosmology of (meta) stable 
particles with non-Abelian interactions was studied to some extent for the case of QCD, 
but even that case has many unsettled issues. It would also be interesting to study Abelian 
hidden sectors, or hidden sectors with no gauge interactions, but with Yukawa interactions. 
Such hidden sectors are theoretically less clean, because some model building is required to 
guarantee the stability of the hidden LSP, but their phenomenology is likely to be simpler. 

Finally, the models we studied are very predictive, since, because the superpartner masses 
are determined by anomaly mediation, they depend on a very small number of parameters. 
They thus offer a particularly clean realization of WIMPless dark matter. It would also 
be interesting to generalize this idea to other frameworks of supersymmetry breaking, in 
which the hidden dark matter abundance does exhibit some dependence on the hidden dark 
matter mass and coupling, but is still related to the weak scale because of the underlying 
supersymmetry breaking scale. 
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Appendix A: AMSB Superpartner Masses 
In AMSB, the soft SUSY-breaking parameters are determined by the gravitino mass m3/2 



and the (weak-scale values of the) dimensionless couplings of the theory [15|, |16| . Consider 
a supersymmetric model with gauge group G, gauge coupling g and Yukawa couplings y*-''^ 
defined by the superpotential 

W = \y'^^X,X,X^ , (Al) 
o 

where the Xj are chiral superfields. The gauge and Yukawa coupling renormalization group 
equations are 

= y'^'t + y'^'ii + y'^'ii , (A3) 

where b = -3C(G) + EiCii), (') = d/d\n{fx/Q), and 



7^ = ^— 

It -1/^9 



1677 

The group theoretic constants are defined by 



(A4) 



t'^t" = C(G) 1 (A5) 
Trt"t^ = C(i)6''^ , (A6) 

where the matrices are the generators for representation i. Note that in our conventions, 
asymptotically- free theories have b < 0. 
Defining soft SUSY-breaking terms 

Aoft = [-\mxXX - \{my,(t>*'<P, - \A''^<pr(l>,<pk + H.c.j , (A7) 

the AMSB soft SUSY-breaking parameters are 

1 



= Y^hg m3/2 

2U' _ 



2 



(A8) 



Appendix B: Thermal Relic Density in a Hidden Sector with a Different Temper- 
ature 

Thermal freeze out is modified if it occurs in a sector with a different temperature from 
the observable sector's 0, [55|. Here we summarize the main results. 
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Assume that a particle X with mass mx annihilates through S'-wave processes with cross 
section 

a{XX -> anything )v ^ ao . (Bl) 

The particle then freezes out when the hidden and visible sector temperatures are Tj and 
TJ, respectively. The resulting thermal relic density is 

« ^ , , (B2) 

where Sq — 2970 cm^^ is the visible sector's entropy density now, pc — 0.527 x 10^ eV cm~^ 
is the critical density, Xf = mx/TJ, g^s ~ 100 and gl°^ ~ 100 are the visible and total 
number of relativistic degrees of freedom at freeze out, and mpi ~ 1.2 x 10^^ GeV is the 
Planck mass. The freeze out temperature is given by 

Xf = ^f\nL-^^f\n{^f\nL) , (B3) 

where ^ 

= ^ , (B4) 

and 

L^ 0.038mpimxao(^?/V^)e'/'5(5 + 2) , (B5) 

where g is the number of X degrees of freedom, and the parameter 6 is tuned to make these 
analytical results fit the numerical results. For ^ ~ 0.3 — 1, 5 ~ 0.2 — 0.5 gives a good fit jl]. 

As is well-known, Qx is inversely proportional to (Tq and only logarithmically sensitive 
to mx- Note, however, that do is also only logarithmically sensitive to g. For example, for 
the case where X is a gluino of hidden SU(A^), the thermal relic density is not enhanced by 
iV^ — 1, as it would be for iV^ — 1 independent degrees of freedom, because the A^^ — 1 gluino 
degrees of freedom interact with each other. As a result, for a wide range of parameters, 
Xf ^ 25^/ to a good approximation. 

We then find that the thermal relic density is 



~ — ; -^f — 



0.021 



TeV 



0.23 I 



0.025 mx 
ax TeV 



(B6) 



where in the last step, we've parametrized the cross section as Uo = kiTa\/m\. The final 
result is, therefore, simple: for a thermal relic that freezes out in a hidden sector with a 
different temperature, the thermal relic density is modified by the factor = Tj /TJ from 
the standard result. 
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